The virulence of four Sporothrix schenckii isolates was compared in a murine model of sporotrichosis, together with the protein pattern of the yeast cell surface and the capacity to bind the extracellular matrix protein fibronectin. Virulence was determined by the mortality rate, fungal burden and histopathology. Two clinical isolates were more virulent for C57BL/6 mice, but no direct correlation was seen between virulence and the clinical or environmental origin of the isolates. The lowest virulence was observed for an isolate recovered from a patient with meningeal sporotrichosis. Although all isolates could effectively disseminate, the dissemination patterns were not similar. Using flow cytometry analysis, we investigated the interaction of all the strains with fibronectin, and showed that the binding capacity correlated with virulence. Western blot analysis of S. schenckii cell wall extracts revealed positive bands for fibronectin in the range of 37-92 kDa. The 70 kDa adhesin was also recognized by a protective monoclonal antibody raised against a gp70 antigen of S. schenckii (mAb P6E7). Confocal microscopy confirmed the colocalization of fibronectin and mAb P6E7 on the yeast cell surface. To our knowledge, this is the first report identifying adhesins for fibronectin on the surface of this human pathogen.
INTRODUCTION
Sporothrix schenckii is the aetiological agent of sporotrichosis, an endemic deep mycosis in Latin America with several clinical presentations (Lopes-Bezerra et al., 2006) . The most frequent clinical form is characterized by cutaneous and subcutaneous nodular lesions with lymphangitic involvement. The disseminated forms are less frequent and have been described mainly among immunocompromised patients (Lopes-Bezerra et al., 2006) .
Some reports indicate that differences in clinical forms of sporotrichosis are due to host immunological disorders. The host immune response would thus determine the degree of fungal invasion (Maia et al., 2006) . However, other studies report that variations in clinical presentations may also be explained by factors intrinsic to the pathogen, such as strain variations in thermotolerance or pathogenicity (Tachibana et al., 1998 (Tachibana et al., , 2001 . Kong et al. (2006) suggested that some genotypes may be closely associated with S. schenckii virulence and infection outcome.
The capacity of a micro-organism to adhere to host cells and tissues is crucial for colonization and dissemination. Specific microbial adhesins mediate adherence to host tissues by participating in sophisticated interactions with some of the host proteins which compose the extracellular matrix. Fibronectin and laminin form part of the basal lamina, a sheet of molecules that underlies all epithelia and surrounds some nonepithelial cells in normal tissues. However, any type of trauma that damages the host tissues IP: 54.70.40.11
On: Fri, 21 Dec 2018 21:55:04 may expose the extracellular matrix and thus may enable microbial colonization and infection (Patti et al., 1994) .
Our group previously reported that S. schenckii interacts with soluble and immobilized fibronectin; moreover, laminin and type II collagen were also reported as substrates for adherence of this pathogen (Lima et al., 1999 (Lima et al., , 2001 (Lima et al., , 2004 . Study of independent isolates of Paracoccidioides brasiliensis revealed that the strains that were more virulent in animals exhibited enhanced adherence to extracellular matrix proteins in vitro (Hanna et al., 2000; Mendes-Giannini et al., 2006) . However, to our knowledge such studies have never been conducted for S. schenckii.
In the present study, four isolates of S. schenckii were compared with regard to their virulence in a murine model of disseminated sporotrichosis and their capacity to interact with the extracellular matrix protein fibronectin. Adhesin expression on the yeast cell surface was also investigated.
METHODS
Micro-organism and culture conditions. Four isolates were used. Isolate 1099-18, which was obtained from the Mycology Section, Department of Dermatology, Columbia University, New York, USA, was originally recovered in the 1970s from a patient with subcutaneous sporotrichosis; isolates IPEC 15383 and IPEC 17943 were recovered in 1998 from a patient with disseminated cutaneous and osteoarticular sporotrichosis, and in 2000 from a HIV-positive patient with meningeal sporotrichosis, respectively. The environmental isolate FMR 8337 was collected in 2000 from domiciliary dust in Rio de Janeiro, Brazil.
The isolates were maintained by regular passages on animals, and were grown on Sabouraud dextrose agar (Difco) slants. The yeast form was obtained by cultivation in Brain Heart Infusion broth (Oxoid) at 37 uC for 7 days in a rotary shaker (150 r.p.m.) as described previously (Fernandes et al., 2000) .
The viability of the inocula of the four S. schenckii isolates was ascertained by c.f.u. counts after 7 days incubation on BHI agar plates at 37 uC.
Mice. Male C57BL/6 isogenic mice 2 months old (weighing approximately 24 g) were obtained from the Oswaldo Cruz Foundation (FIOCRUZ, Rio de Janeiro, Brazil). The mice were maintained in a specific pathogen-free environment and housed in temperature-controlled rooms at 23-25 uC, with ad libitum access to food and water throughout the experiments. All procedures were approved by the Institutional Ethics Committee and were in accordance with National Institutes of Health Animal Care Guidelines.
Experimental infection. Groups of ten mice were inoculated intravenously with 5610 6 yeast cells suspended in 0.1 ml sterile PBS, as described by Fernandes et al. (2000) . Control groups received the same volume of vehicle. The size of the inoculum was verified by plating an appropriate dilution of the yeast cell suspension and determination of the number of c.f.u. after 7 days incubation at 37 uC.
Infected and control mice were monitored daily for at least 45 days to determine the mortality rates. Fungal load in the spleen, lungs, liver and kidneys from individual mice was evaluated by determination of the number of c.f.u. Mice were sacrificed at day 10 post-infection and the organs were aseptically removed and weighed. Half of each sample was homogenized in sterile PBS. Samples (50 ml) of each homogenate were plated onto BHI agar supplemented with penicillin G (10 000 U ml
21
) and streptomycin (10 000 mg ml 21 ) (Gibco-BRL). Colonies were counted after incubation for 7 days and results are expressed as the number of c.f.u. per mg of tissue. In parallel, the other half of the specimens was fixed in 10 % formaldehyde in PBS for histopathological examination.
Histopathology. Paraffin sections (5 mm) of mouse liver were mounted on poly-L-lysine-coated slides and stained by a modification of Gomori's methenamine silver nitrate method (Grocott, 1955) or by the periodic acid/Schiff procedure (Prophet et al., 1992) . Tissue sections were analysed using a single-blind method.
Flow cytometry. Binding of fibronectin (Invitrogen) to S. schenckii yeast cells was analysed by flow cytometry. Fibronectin was labelled with FITC (Sigma) as previously described (Lima et al., 2004) . For the binding assays, 5610 6 yeast cells of S. schenckii were incubated for 1 h at 37 uC under constant shaking with 100 ml of a 100 mg ml 21 FITC-labelled fibronectin solution. To assess the specificity of the binding, yeast cells were incubated with a 10-fold excess of unlabelled fibronectin for 30 min prior to the addition of the labelled ligand. The cells were then washed, pelleted by centrifugation and fixed with 1 % formaldehyde in PBS. Cell surface fluorescence was quantified using a FACScan flow cytometer (Becton-Dickinson Immunocytometry Systems Europe) equipped with an air-cooled 15 mW argon-ion laser operating at 488 nm. The standard filter configuration was used for data acquisition. Cell debris was excluded by gating the fungal cells on the basis of their rectilinear forward and side light-scattering properties. Each sample was stored in a list mode file of 10 000 events and the data were analysed using CELLQuest software from Becton Dickinson. The data presented correspond to fluorescence frequency distribution histograms (relative number of fungal cells versus relative fluorescence intensity expressed in arbitrary units on a logarithmic scale). All experiments were carried out at least twice and included a negative control performed by incubating the cells without any ligand to ascertain the absence of autofluorescence.
Generation of monoclonal antibody (mAb) and purification of gp70. mAb P6E7 was generated, according to the general procedure for generation of monoclonal antibodies (Köhler & Milstein 1975) , by immunization of 8-to 12-week-old BALB/c mice inoculated intraperitoneally with the 70 kDa glycoprotein from S. schenckii extracted from a preparative polyacrylamide gel, and by fusion of cells of the murine myeloma line SP 2/O with spleen cells from the mouse producing the highest polyclonal response as described by Nascimento et al. (2008) . gp70 was purified from yeast cell soluble antigen by affinity chromatography on mAb P6E7 immobilized on a CNBr-activated Sepharose column (Amersham Pharmacia) as described previously (Nascimento et al., 2008) .
Preparation of cell wall extract. Cell wall protein extraction was performed as described by Klis et al. (2007) . Briefly, yeast cells were collected, and washed with ice-cold 25 mM Tris/HCl, pH 8.5, the buffer used in the subsequent extraction step. Cells were further incubated with 2 mM DTT in 25 mM Tris/HCl, pH 8.5, at 4 uC for 2 h, with gentle agitation. The supernatant was then collected and concentrated and the proteins were precipitated by TCA/acetone for 1 h at 220 uC. The pellet was resuspended in water and lyophilized. Proteins were quantified by the 2-D Quant kit (Amersham Biosciences).
Western blot analysis. Proteins of S. schenckii cell wall extracts were separated by electrophoresis in 10 % SDS-polyacrylamide gel as IP: 54.70.40.11
On: Fri, 21 Dec 2018 21:55:04 described by Laemmli (1970) . The gels were stained by the silver method (Bjellqvist et al., 1993) and molecular mass was estimated using a 16-250 kDa protein standard (Amersham Biosciences). To identify fibronectin-binding proteins, after electrophoresis the proteins were transferred to nitrocellulose membranes (Amersham Biosciences). Electroblotting was performed at 100 V for 120 min in 20 % methanol, 25 mM Tris, 96 mM glycine, pH 8.3, in a MiniProtean II Cell (Bio-Rad). After transfer, the nitrocellulose was blocked with 5 % skimmed milk in TTBS (50 mM Tris, 0.15 M NaCl, 0.1 % Tween 20), washed in 1 % skimmed milk in TTBS and incubated with fibronectin (20 mg ml 21 ) for 2 h at room temperature under constant agitation. The membrane was washed in TTBS-1 % skimmed milk, incubated with a rabbit anti-fibronectin immune serum, washed again and incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies. After washing, the nitrocellulose was developed with an ECL kit (ECL Rabbit IgG, HRPLinked Whole Ab, Amersham Biosciences). The same protocol as described above was used for affinity blotting experiments with the mAb P6E7. In this case, after the blocking step, membranes were incubated with the mAb P6E7 (20 mg ml 21 ) followed by incubation with HRP-conjugated anti-mouse IgG antibodies (Kirkegaard & Perry Laboratories).
Confocal microscopy. The interaction of fibronectin with gp70 at the S. schenckii cell surface was analysed by confocal microscopy. To do this, 5610 6 S. schenckii yeast cells were incubated with 100 mg fibronectin ml 21 in PBS. After 1 h incubation at 37 uC with gentle shaking, followed by three washes in PBS, the cells were incubated with a rabbit anti-fibronectin immune serum (Dako) at 20 mg ml 21 or with mAb P6E7 at 100 mg ml 21 in PBS supplemented with 1 % BSA (PBS-BSA). The cell suspensions were then washed three times in PBS-BSA and stained for 1 h at 37 uC with Alexa Fluor 568-conjugated goat anti-rabbit IgG or Alexa Fluor 488-conjugated goat anti-mouse IgG antibodies (Molecular Probes) at 2 mg ml 21 in PBS-BSA. Finally, yeast cells were washed with PBS, mounted on glass slides in PBS/glycerin (1 : 1, v/v) and examined by confocal microscopy using an Olympus Fluview confocal microscope. For double labelling, cells were successively incubated with fibronectin, mAb P6E7, rabbit anti-human fibronectin, and a mix of the two fluorescent secondary antibodies, with three washes in PBS-BSA after each step.
Statistical analysis. The Wilcoxon rank sum statistical test was used to compare differences in the mortality rates between groups of mice. For the other data, statistical analysis was assessed by analysis of variance (ANOVA) followed by Student's t-test. In all cases, P,0.05 was considered statistically significant.
RESULTS

Virulence of S. schenckii isolates
Isolates of S. schenckii were examined for their virulence in C57BL/6 mice inoculated intravenously. The survival curves demonstrated that 100 % of mice infected with isolates IPEC 15383 and 1099-18 succumbed before 29 days. The mortality rates for these two isolates were similar (P.0.05). A high mortality rate was also observed for the environmental isolate (FMR 8337), but significantly lower (P,0.05) (Fig. 1A) . In contrast, all mice inoculated with yeasts from isolate IPEC 17943 survived the infection even after 45 days. Differences were also seen in the fungal burden, determined by retro-culture from the organs of infected C57BL/6 mice. As shown in Fig. 1(B) , the highest values were obtained for isolate IPEC 15383, followed by isolates 1099-18 and FMR 8337, but these values were not statistically different. In contrast, isolate IPEC 17943 differed significantly from the others, producing a very low fungal burden in the organs of infected mice.
Macroscopic aspects of the organs from the infected mice and histopathology A particular dissemination pattern was observed in mice infected with isolate IPEC 17943. The livers showed normal macroscopic aspect ( Fig. 2A ; white arrow) while osteoarticular lesions were observed ( Fig. 2B ; black arrow) as well as nodular lesions along the tail ( Fig. 2B; black arrowhead) . Moreover, these lesions totally regressed within 120 days post-inoculation (data not shown). In contrast, at day 10 post-inoculation, diffuse nodular lesions were grossly evident on the liver of mice infected with the three other isolates (Fig. 2C , D and E; white arrows) as well as splenomegaly ( Fig. 2F ; white arrowhead), whereas cutaneous and osteoarticular lesions were absent along the tail of these mice.
Histopathological analysis of livers from IPEC 15383-or 1099-18-infected mice (Fig. 3A, B) revealed similar features, with numerous and large inflammatory infiltrates. Moreover, yeast cells assembled in dense clusters were easily observed (Fig. 3E, F) . Frequently, inflammatory infiltrates produced in 1099-18-infected mice were located around branches of the portal vein and in parenchyma located between the portal triads and central veins of the hepatic lobule (Fig. 3B) . Infection with FMR 8337 produced inflammatory infiltrates similar in size to those observed for mice infected by 1099-18 or IPEC 15383, but less numerous (Fig. 3C) . Additionally, yeast cells were less abundant, although cluster formation was not rare (Fig. 3G) . Livers from IPEC 17943-infected mice showed smaller diffuse inflammatory infiltrates, formed by neutrophils and mononuclear cells, located at the connective tissue of periportal space (Fig. 3D) . Yeast cells were also observed, but cluster formation was rare (Fig. 3H ).
Histopathological analysis of lungs, spleens and kidneys of the mice infected with the four isolates were also performed. These organs from IPEC 15383-, 1099-18-or FMR 8337-infected mice revealed inflammatory infiltrates associated with the presence of yeast cells, in contrast to the organs of mice infected with IPEC 17943, which showed neither serious damage nor the presence of yeast cells (data not shown). In addition, the damage caused by the fungal infection in lungs, spleens and kidneys of mice infected was lower than that caused in the liver.
Interaction of yeast cells of different S. schenckii strains with fibronectin
Previous studies demonstrated that S. schenckii yeast cells adhere to fibronectin in a dose-dependent manner and that this is a key step for crossing of the endothelial barrier (Lima et al., 1999 (Lima et al., , 2001 (Lima et al., , 2004 Figueiredo et al., 2007) . The binding of fibronectin to yeast cells of the four isolates was therefore evaluated by flow cytometry. All isolates were able to interact with fibronectin (Fig. 4) , and incubation of the cells with a 10-fold excess of the unlabelled ligand prior to the addition of the FITC-fibronectin demonstrated the specificity of the binding (Fig. 4) . Interestingly, the least virulent isolate (IPEC 17943) in the murine model of disseminated sporotrichosis also showed the lowest fibronectin-binding capacity, with a mean fluorescence intensity value of 27.18, which was significantly lower (P,0.05) than that observed for isolates IPEC 15383, 1099-18 and FMR 8337 (mean fluorescence values of 51.31, 49.06 and 50.07, respectively).
Identification of adhesins to fibronectin
To ascertain adhesin expression at the cell surface of S. schenckii, cell wall extracts were prepared from the four isolates and further analysed by Western blotting. The SDS-PAGE protein profile for each extract showed differences between the isolates (Fig. 5A) . The separated proteins were electroblotted onto nitrocellulose membranes and immunodetected with human fibronectin and anti-fibronectin polyclonal antibody (Fig. 5B ) in order to identify surface adhesins. Several putative adhesins for fibronectin were observed and their expression varied among the four isolates. A similar adhesin pattern was observed for the isolates IPEC 15383 and 1099-18, with five major reactive bands corresponding Characterization and surface localization of the 70 kDa adhesin
Our group recently characterized a 70 kDa antigen on the cell wall of S. schenckii which mediates adhesion of the fungus to the native subendothelial matrix. This protein was recognized by the monoclonal antibody mAb P6E7 (Nascimento et al., 2008) .
After electrophoretic separation of proteins of the cell wall extracts and their transfer onto nitrocellulose membranes, immunodetection with mAb P6E7 and an anti-mouse IgG HRP-conjugate revealed the presence of the gp70 antigen in the four isolates tested (Fig. 5C) . Strikingly, the molecular mass of the immunoreactive band was lower, 67 kDa, for isolates FMR 8337 and IPEC 17943 (lanes 3 and 4, Fig. 5C ). As a positive control we assayed the purified gp70 (lane 5, Fig. 5C ) and the negative controls were performed by the exclusion of the mAb P6E7 or the anti-mouse IgG HRP-conjugate (lanes 6 and 7, Fig. 5C ).
The co-localization of the gp70 antigen and the fibronectin-binding proteins on the surface of S. schenckii was investigated in the less and highly virulent isolates, IPEC 17943 and IPEC 15383. As revealed by confocal microscopy, the mAb P6E7 and fibronectin had similar binding sites at the surface of S. schenckii (Fig. 6C, G) . These results showed that the co-localization of gp70 with the fibronectin-binding proteins in both isolates correlates with the Western-blot findings. Interestingly, binding sites only revealed for fibronectin (red points) were observed for the IPEC 15383 isolate (Fig. 6C) , suggesting the presence of other adhesins besides gp70 on the fungus surface. Accordingly, several positive bands for fibronectin were revealed in the Western-blot analysis for this isolate (lane 1, Fig. 5B ). Conversely, almost no red points were seen in the merged image for isolate IPEC 17943 (Fig. 6G) , suggesting that the 67 kDa variant of gp70 revealed by Western blotting is the major adhesin expressed on the cell surface of this isolate (lane 4, Fig. 5B ).
DISCUSSION
The outcome of the host-pathogen interactions is determined by the amount of damage caused to the host. Host damage can result from direct action of the microorganism and/or the host response (Pirofski & Casadevall, 2008) . The microbial factors that can lead to host damage are known as virulence factors/regulators. Some of them have been identified and characterized in several fungal pathogens and correspond to molecules involved in adherence, host protein hydrolysis or immune response modulation, such as BAD-1 from Blastomyces dermatitidis (Brandhorst et al., 1999) , the secreted aspartyl proteinases from Candida albicans (Albrecht et al., 2006) and the melanin (Rosas et al., 2001) and capsule (Idnurm et al., 2005) of Cryptococcus neoformans. Regarding sporotrichosis, diverse clinical manifestations have been described, including lymphocutaneous, fixed cutaneous, disseminated cutaneous and extracutaneous forms (LopesBezerra et al., 2006) . The variety of clinical presentations of the disease could be due at least in part to variations in the expression of virulence factors/regulators between S. schenckii isolates. Some S. schenckii genotypes seem to be associated with particular clinical manifestations (Maia et al., 2006; Kong et al., 2006) . However, the intrinsic virulence factors of this pathogen remain unclear.
In the present work, the virulence in C57BL/6 mice, an animal model previously developed in our laboratory (Fernandes et al., 2000) and validated by other groups (Fernandes et al., 2008) , and adherence capacity to fibronectin of several S. schenckii isolates were compared. The data obtained demonstrated that S. schenckii isolates recovered from different clinical forms of sporotrichosis and one environmental isolate showed distinct virulence levels in a murine model. Furthermore, no direct relationship between virulence and the clinical or environmental origin of the isolates was observed. This observation is also supported by the comparative virulence of several other clinical and environmental isolates (data not shown). Here, the most virulent isolates were recovered from patients with an extracutaneous form (isolate IPEC 15383) and a lymphocutaneous form (isolate 1099-18) of sporotrichosis. Interestingly, all mice infected with the IPEC 17943 isolate showed articular lesions that totally regressed in 120 days. These results diverge from those of previous papers, which reported that only systemic isolates were capable of causing systemic infection in mice (Tachibana et al., 1998) . Kong et al. (2006) reported that isolates recovered from a disseminated form of sporotrichosis were more virulent in mice than those from lymphocutaneous and fixed cutaneous sporotrichosis. Our present results indicate that all S. schenckii isolates have an intrinsic pathogenicity, but distinct dissemination patterns were observed from one isolate to another. Furthermore, the isolates FMR 8337 and IPEC 17943 were clustered within a major monophyletic clade in a previous study (Marimon et al., 2006) , but in the present study they showed distinct virulence levels in the murine model. Further studies involving markers/genes related to virulence are required to clarify the differences in the pathogenic behaviour of genetically related strains.
The adhesion capacity of micro-organisms is thought to play an important role in the infectious process. Previously, our group reported that S. schenckii adhered to fibronectin and laminin in soluble and immobilized forms (Lima et al., 1999 (Lima et al., , 2001 (Lima et al., , 2004 and that this is a key step for transposition of the endothelial barrier (Figueiredo et al., 2007) . Here, the capacity of different isolates to bind fibronectin was investigated. All isolates were able to interact with fibronectin. However, the least virulent isolate (IPEC 17943) also exhibited the lowest capacity to interact with fibronectin as shown by flow cytometry. Similarly, different authors have reported a positive correlation between adhesion of fungal pathogens and virulence. For example, pathogenic strains of Aspergillus fumigatus bound significantly more fibronectin than non-pathogenic strains (Wasylnka & Moore, 2000) and, among different strains of P. brasiliensis, the most virulent ones showed a stronger adherence to epithelial cells (Mendes-Giannini et al., 2006; Hanna et al., 2000) .
Although the interaction between S. schenckii and fibronectin has already been described (Lima et al., 2001 ) the adhesins responsible for this interaction remained unknown. Recently, our group characterized a 70 kDa protein on the cell wall of S. schenckii which mediates adhesion of the fungus to the native subendothelial matrix (Nascimento et al., 2008) ; likewise, Ruiz-Baca et al. (2008) described a S. schenckii cell surface protein with a similar molecular mass that seems to mediate adhesion of the fungus to a dermal extracellular matrix. Here, we investigated the presence of this protein, with adhesive properties, at the surface of each isolate. All the isolates tested expressed this protein at their surface. However, a slightly lower molecular mass (67 kDa) was observed for the protein from isolates FMR 8337 and IPEC 17943; this might be related to differences in glycosylation. Strikingly, the least virulent isolate (IPEC 17943), which expressed only one fibronectin-binding protein (the 67 kDa variant of gp70), had the lowest binding capacity to this extracellular matrix protein. Moreover, the most virulent isolates (IPEC 15383 and 1099-18), which showed higher adhesive capacity, expressed at least four fibronectinbinding proteins besides gp70.
Together, these results suggest that virulence of S. schenckii isolates is related, at least in part, to the expression of adhesins for fibronectin at the fungal surface. Nevertheless, besides the expression of adhesins, other virulence factors, which remain to be determined, may also be involved in the dissemination process. This work not only provides new insights regarding the pathogenesis of sporotrichosis, by presenting evidence for a relationship between adhesin expression and pathogenicity. It also reports adhesins for fibronectin at the surface of S. schenckii yeast cells.
